Nonadiabatic effects appear due to avoided crossings or conical intersections that are either intrinsic properties in field-free space or induced by a classical laser field 1 arXiv:1902.03640v1 [physics.chem-ph]
non-vanishing transition dipole moment(s) (TDMs) [12] [13] [14] [15] . This results either in a lightinduced avoided crossing (LIAC) or a light-induced conical intersection (LICI) depending on how many nuclear degrees of freedom are involved in the field induced process 16 . In case of polyatomic molecule a sufficient number of vibrational degrees of freedom are always present to span a two-dimensional branching space (BS), which is indispensable to the formation of LICI. In the case of diatomics one always has to find a proper second degree of freedom which can act as a dynamical variable to form a BS. As the molecule rotates, the rotational angle between the molecular axis and the light polarization axis can serve as the missing degree of freedom for establishing the BS 17 .
Nonadiabatic effects can arise in an optical or microwave cavity as well [18] [19] [20] [21] [22] . Describing the photon-matter interaction with the tool of cavity quantum electrodynamics (cQED) is an emerging field. It has been successfully demonstrated both experimentally [23] [24] [25] [26] [27] [28] [29] and theoretically [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] , that the quantized photonic mode description of the electromagnetic field can provide an alternative solution for studying adequately the light-molecule's quantum control problem. In this framework the nonadiabatic dynamics arises due to the strong coupling between the molecular degrees of freedom and the photonic mode of the radiation field which can alter the molecular levels by controlling the dynamics of basic photophysical and photochemical processes.
In most of the theoretical descriptions the molecules are treated via a reduced number of degrees of freedom or by some simplified models assuming two-level systems. Here, only one vibrational mode which is strongly coupled to the electronic and photonic degrees of freedom is taken into account resulting in a new set of "cavity induced" or "polariton" surfaces in the molecular Hamiltonian [18] [19] [20] [21] [22] . These polariton surfaces can form CIs under special conditions 20 but are not expected to cross each other in general forming only "avoided crossings". This scenario resembles a one-dimensional (1D), semi-classical treatment of the light-induced avoided crossing occurring in the nonadiabatic gas-phase molecular dynamics. Recent studies of the time-dependent state population in the NaI molecule it has been successfully demonstrated that the 1D results obtained by the semiclassical approach 45 is fully consistent with the results obtained for NaI and quantized light field 21 .
Adding another molecular degree of freedom, which can either be a second vibrational mode in case of polyatomics or the rotational angle between the molecular axis and the polarization axises in the cavity, one can fully describe the photon-induced quantum dynamics in the framework of quantum light-induced conical intersection (LICI). CIs can even be formed in diatomics due to the availability of the two independent nuclear degrees of freedom, which are essential for forming a 2D branching space. This picture can now be extended in a straightforward way from the simplified 1D model with a second molecular mode to treat the rotational, vibrational, electronic and photonic degrees of freedom on an equal footing. In the following we call the latter description the 2D description.
By including the molecular rotation in the cavity treatment, recently we have investigated the field-dressed rovibronic spectrum of diatomics in the framework of cavity quantum electrodynamics 46 . Incorporating the concept of LICIs with the quantized radiation field, similar impact on the adiabatic spectrum has been found as in the case of classical dressed situation 47 . We have demonstrated that the "intensity borrowing" effect can cause a significant variation in the pattern of the molecular spectra irrespective of the origin of the conical intersections. It can be either natural or light-induced and the latter can be created by classical or quantum light.
In the present work we go further and investigate theoretically how the dynamics of the lithium fluoride molecule, which already possesses a natural avoided crossing, is affected by quantum light induced CI. This work complements previous theoretical investigations 21, 45 , where only avoided crossings were created by quantum light 21 , but not CIs 45 . Here we investigate for the first time the nonadiabatic quantum dynamics by incorporating the concept of LICIs with the quantized radiation field.
The aim of this letter is two-fold. First, we would like to study the quantum lightinduced nonadiabatic dynamics of the LiF molecule both in 1D and 2D frameworks to demonstrate the difference between the effects of the radiation field-induced AC and CI.
The underlying dynamics is mainly governed by the interplay between one of the quantum light-induced phenomena (either LIAC or LICI) and of the natural avoided crossing which is present in the field-free molecule. Second, the close similarity between the classical and the cavity radiation field description of the light is demonstrated. We discuss for both the LIAC and LICI situations to what extent the different physical scenarios, a molecule in a laser field and a molecule in a cavity, show the same results.
The general form of the Hamiltonian in the basis of the adiabatic potential energy surfaces (PES) surfaces Σ 1 and Σ 2 of LiF can be given aŝ
Here we assume the electric dipole approximation and that the molecule interacts with only a single mode of the cavity. In eq. 1, the first term represents the rovibrational kinetic energy of the LiF molecule with R and θ being the vibrational and rotational degrees of freedom, respectively. M r is the reduced mass of the LiF molecule, L θ is the angular momentum operator (with m = 0 fixed) and the 1 symbol represents the 2×2 unit matrix. The second term contains the field-free adiabatic potential curves V Σ 1 and V Σ 2 (see Fig. 1(a) ). The K field-free nonadiabatic coupling operator operator is approximated
, where τ (R) is first order nonadiabatic coupling term, shown in Fig. 1(b) . The third term in eq. 1 represents the harmonic oscillator description of the photon mode with the unit-less photon displacement coordinate x. Here ω c is the cavity mode angular frequency. The last term of eq. 1 describes the interaction between the molecule and the quantized field. Here χ is the cavity coupling strength, while µ i and µ ij (i,j=Σ 1 , Σ 2 ) are the transition and permanent dipoles, respectively. In the actual calculations ω c = 3.995 eV is taken which corresponds to the resonant coupling of the Σ 1 and Σ 2 states around R=5 a.u. The coupling strength χ ranges from 0.0012 to 0.04 to simulate moderate and strong coupling strengths. We note that the µ Σ 1 and µ Σ 2 permanent dipoles are neglected in eq. 1 due to averaging to zero in the high cavity mode frequency applied in the present work. 
In eq. 2, the first term represents the vibrational and rotational kinetic energy (the same as in eq. 1), while the second term contains the field-free V Σ 1 and V Σ 2 potential curves and the K nonadiabatic coupling operator. The third term of eq. 2 describes the laser-molecule interaction in the dipole approximation. Here ε 0 is the amplitude of the electric field, ω c is the angular frequency of the laser, f (t) is the envelope function which set to unity during the whole propagation (t f inal =1000 fs). µ i and µ ij (i,j=Σ 1 , Σ 2 ) are the permanent and transition dipoles, respectively. The actual value of the applied laser energy was set to ω c = 3.995 eV, which resonantly couples the electronic states at R = 5 a.u., and the peak laser intensities ranges from I 0 = 3 × 10 11 W/cm 2 to 3 × 10 13 W/cm 2 . We note that the permanent dipoles µ Σ 1 and µ Σ 2 are neglected in eq. 2 due to averaging to zero in the high frequency laser field applied in the present work.
The MCTDH (multi configurational time-dependent Hartree) method 48, 49 has been applied to solve the time-dependent Schrödinger-equation characterized by either eq. 1 or eq. 2. The R degree of freedom (DOF) was defined on a sin-DVR (discrete variable representation) grid (N R basis elements for R = 0.846 − 31.74 Angstrom). The rotational DOF, θ, was described by N θ Legendre-polynomials, P m l (cos θ) with m = 0 and l = 0, 1, ..., N θ − 1. The photon displacement coordinate x was described by N x representation, these primitive basis sets (ξ) are then used to construct the single particle functions (φ) whose time-dependent linear combinations form the total nuclear wave packet (ψ)
The actual number of basis functions were N R = 1169, N θ = 271 and N x = 100 for the vibrational, rotational and photon modes, respectively. The number of single particle functions for the three DOFs and on both the Σ 1 and Σ 2 electronic states were ranging from 10 to 50. The values of n R = n θ and n x were chosen depending on the actual value of the χ cavity coupling strength and I 0 peak laser intensity. In order to minimize unwanted reflexions and transmissions caused by the finite length of the R-grid, complex absorbing potentials (CAP) have been employed at the last 5.29 Angstrom of the grid. The total propagation time was set to t f inal =1000 fs and the state populations and dissociation rates were calculated according to
and
In eq. 5, Θ is the Heaviside step function, R D =10.58 Å is the starting point of the dissociation region, and −iW is the CAP. To calculate the potential energy, the dipole moment, and the nonadiabatic coupling (NAC) curves of the LiF molecule ( Fig. 1(b) ), the program packages Molpro (citation here) was used. These quantities were calculated at the MRCI/CAS(6/12)/aug-cc-pVQZ level of theory To better understand the differences between the 1D and 2D results, we compare the dissociation rates for different photon number of Fock states (n = 0, 5, and 10) in Fig. 3 . Again, the dissociation rate in the bare molecule (χ = 0) is the same in 1D and 2D. However, for the vacuum Fock state (n = 0) a minor difference between the two schemes can be recognized. The structure of the dissociation curves are similar but the effect, that the dissociation is more efficient in 2D, can already be seen here. This effect becomes more pronounced at the end of the studied time interval (t = 1000 fs). The efficiency of LICI is increasing compared to the 1D model when we use Fock states with n = 5 and n = 10 as an initial condition. The decay channel provided by the quantum LICI is more efficient for transferring the population to the ground state, which leads to significantly higher dissociation rates. The effect is similar to what we experience in the case of increasing coupling strengths. Namely, the increasing photon number provides an increasing coupling strength, which is enhanced by √ n + 1, leading to a more efficient LICI. The rotation of the molecule starts slowly, therefore up to t = 220 fs the 1D and 2D curves are practically the same for all the studied photon number states.
We now discuss Fig. 3(b) where we see two crossings between the n = 5 and n = 10 dissociation curves. Because the bond hardening effect is stronger for n = 10, evidently the dissociation starts slower. At t = 220 fs the effect of rotation suddenly becomes apparent resulting in big jumps in the 2D curves (for n = 5 and 10). Between the period of t = 240 fs and t = 280 fs the rotation already plays an important role in amplifying the effect of the LICI. This effect is particularly pronounced for n = 10. In this time interval sudden jumps on the 2D curves can be seen, which disappear after t = 300 fs.
In the 1D curves only a slow rise can be seen but no jumps are observed. To gain more insight into this phenomena we have performed an analysis of the wave packet density functions ψ Σ 1 (R, θ, t) 2 and ψ Σ 2 (R, θ, t) 2 . To further inspect the time evolution of the wave packet densities, three distinct phases of the time evolution have been selected (see In Fig. 4 we compare the results of the cavity mode for a photon number n = 5
with the classical description as obtained from the 2D calculations. A similar comparison for the 1D model has been made between the quantum light and classical results of the Na 2 molecule ground state population 45 . Analogously to the 1D situation, practically no difference has been found for the dissociation rate when comparing the classical and quantum light model. Since the cavity coupling is proportional to χ √ n + 1, hence increasing any of them leads to a stronger coupling. Applying the proper linear scale between the cavity coupling and the classical laser intensity (see in Table 1 In summary we could show that the dynamical properties of diatomic molecules can be strongly modified by quantized light in an optical cavity. By using the LiF molecule as a showcase example, we demonstrated that the LICI created by quantum light allows for a much more efficient population transfer than a LIAC. The stronger the cavity coupling, the more prominent the effect. This difference can be explained by the fact that the LICI retains a degeneracy between the dressed states even for large coupling strengths. In contrast the dressed state curves of the 1D model become increasingly separated for larger coupling strengths, which leads to a decreased mixing between the nuclear degrees of freedom and the electron+photon degrees of freedom. addition, we found a close similarity between the classical and the cavity radiation field description of the light for the 2D calculations. The latter is fully consistent with our previous findings for a 1D model and classical light, which has been compared to a 1D model and quantum light 45 . We note that there is more potential for exploring quantum LICIs in polyatomic molecules, covering a larger class of chemically relevant molecules. Here, the cavity induced nonadiabatic molecular dynamics can be studied in the absence of molecular rotations as they already provide the necessary number of vibrations to form CIs. 
